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DISCLAIMERS

The findings in this report are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized documents.

When Government drawings, specifications, or other data are used for any

purpose other than in connection with
curement operation, the United States
bility nor any obligation whatsoever;
have formulated, furnished, or in any
fications, or other data is not to be
as in any manner licensing the holder

a definitely related Government pro-
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and the fact that the Government may
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or any other person or corporation,

or conveying any rights or permission, to manufacture, use, or sell any
patented invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement
or approval of the use of such commercial hardware or software.
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1.0 INTRODUCTION

U. S. Army Aviation Systems Command (USAAVSCOM) has a continuing
effort in the area of automatic inspection, diagnostic, and prognostic
systems (AIDAPS). As a part of this program, Parks College has been
conducting an intensive evaluation of the shock pulse technique.
Previous work (references 1-3) have shown the technique to be most
promising in certain helicopter applications. This report concerns
itself with two separate areas of investigation. The first of.these
is a continuation of the preliminary work carried out and reported in
reference 2. That is, extensive shock pulse data was collected on
the tail rotor drive hanger bearings and 42° gearbox to broaden the
previous data base. In addition, data was collected on the 90° gearbox,
and the transmission of the UH-1 series helicopter. Finally a pre-
liminary study was made on the applicability of the technique to the
OH-58A. Selected components were removed for teardown analysis.
Chapter 2 reports on this phase.

The second area of investigation was to establish the feasibility
of the shock pulse technique to determine the condition of gears in
the L2° gearbox. The College subcontracted this effort to SKF Industries
who were the original developers of the shock pulse meter. The tests
and test conditions were monitored throughout the six-month effort.
Faulty gears were implanted in the gearboxes by the College and the
signatures compared to a baseline. Chapter 3 along with Appendix 3,1

a report submitted by SKF, discusses this phase of the effort.




2.0 FIELD EVALUATION

The data upon which this section of the report is based was
obtained using the shock pulse technique of bearing analysis. Pre-
vious work done by Parks College in the shock pulse area is given in
References 1-3. These references explain in detail the methodology E

and equipment used in the pulse analysis.

Data is presented on 106 bearing assemblies. The assemblies were
analyzed on two types of U.S. Army helicopters: UH-1 series, H, D, M,
and C models and the OH-58. Shock emission curves were obtain;d on

the following assemblies:

SE-l OH-58
Hagger bearing assemblies K Hagger Bearing assembly
42" Gear Box (input and output quills) 90" Gear Box
90° Gear Box
Mast Bearing

Input Drive Quill
Generator Offset Quill Assembly

Shock pulse signatures of the various assemblies were taken utilizing

a standard MEPA-10A Shock Pulse Meter. Table 2.1 summarized all
assemblies tested. The shock emission curves are included in Appendix 2.1
for reference. The assemblies which had shock emissions exceeding a
normal envelope were removed for teardown analysis in the case of the

42° gear boxes, 90° gear box, and hanger bearings. No transmissions were
removed. The conditions of all tests were kept as constant as possible
with all tests run at 6600 RPM Ny and neutral anti-torque pedal unless
otherwise noted.

The helicopters used in data collection were from:

1) 281st Aviation Company 3) U.S. Army Test Board
Bi-State Airport A.I.D.A.P.S. Program
Cahokia, Illinois Ft. Rucker, Ala.

2) AVSCOM Flight Section
St. Louis International Airport




All tests were performed on a non-interference basis with normal

maintenance and operational scheduling of the aircraft.

A description, both narrative and photographic, of the damage
found at tear down is presented, as well as a correlation between
the shock pulse signature and damage. Damage clarification, as well
as descriptions of the assemblies tested at Ft. Rucker, Alabama, are
taken from implant part inspection sheets made available to the College
by the U.S. Army Aviation Test Board. All components tested at
Ft. Rucker which were not specifically implanted with a bearing of
known damage were 'clean". The reference to a "clean'" part infers
the assembly had been inspected and all elements of the component
are damage free and in as good a condition as physically possible.
The advantage of securing shock pulse signatures from these '"clean"
components is in making comparisons to those assembled with either
implanted damage, normal wear or degradation. The premise is that
these "clean" elements represent the lowest possible shock emissions
and thus the magnitude of shock emissions from other assemblies can
give an indication of degradation.

All bearing assemblies which were tested on aircraft belonging
to the 281st Aviation Company or AVSCOM Flight Section were components
of operational helicopters and damage found was not apparent prior to

obtaining shock pulse data.




2.1 TEAR DOWN ANALYSIS
HANGER BEARING TEARDOWN DATA

The four hanger bearings which were removed for analysis all
yielded teardown data clearly showing damage. When compared with
Bell Helicopter's damage condition category definitions, we would
consider between C and D defects on all assemblies. Hanger bearing
A20-31435 had the heaviest concentration of corrosion and pitting
on the outer race as well as the rolling elements and its shock pulse
data shows the highest level of the assemblies tested. Hanger
bearing A20-44891 exhibited the highest r;te monitored on a hanger
bearing assembly and coupled with its shock level of T00, it fit
in a category of damage which became evident at teardown. No
statements as to the time to complete functional failure of the
hanger bearing assemblies can be made; however, we feel that the
damage found at teardown would contribute significantly to a

decrease in efficiency of the assembly.

Each of the four hanger bearings removed exceeded the normal range
signifying a bearing without defect. Refer to reference 2 for the coded
normalizing graph. Since hanger bearing A20-44891 had a level which fell
in the caution area, it was removed to correlate its tear down evidence

with its plot on the normalizing graph.
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A/C:
FSN:
PN:
SN:
TSN:
TSO:

A/C:
FSN:

SN:

A/C:
FSN:
PN:
SN:

TSO:

A/C:
FSN:
PN:
SN:
TSN:
TSO:

6\

HANGER BEARINGS

63-8784
1615-832-8951
204-040-600-9
A20-36705
1166
646 (1 prior overhaul)
REMARKS : Inner Race: Mild Corrosion
Outer Race: Pitting and Corrosion
Rolling Elements: Corrosion, Mild Pitting
65-9519
1615=-332-8951
204-0L0-600-9
A20-414891
REMARKS : Outer Race: Metal Fatigue, Pitting, Flaking Corrosion
Inner Race: Corrosion, Pitting
Rolling Elements: Corrosion, Pitting
69-15949 |
1615-832-8951 i
204-040-600-9 g
A20-55389 i3
500
REMARKS : Inner Race: Light Corrosion
Balls: Light Corrosion, Evidence of Skidding, Some Pitting
Outer Race: Corrosion, Pitting, Evidence of Skidding
63-8784
1615-832-8951
204=040-600-9
A20-31435
UNK
UNK
REMARKS : Inner Race: Medium Corrosion, 1 Large Pit
Balls: Light to Medium Corrosion
Outer Race: Heavy Corrosion and Fitting
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21 May Tk

A/C  63-878Uk
6600 RPM N,

12

100

t}r- =

RIS S

..-I.u

SN A20-36705

’
Ti:ln!,
1

#3 Hanger Bearing

e 1L R B 3l

$00

200
L600 RPM
6600 RPM

100

= 4.f[l»|l-' —— b

Potentiometer Jevel

2B1st Aviation Company Bi State Airport

* Rate

Figure 3
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42° GEAR BOX ANALYSIS
SN B13-3243

The graphs of this 42° gear box show an abnormally high rate
for the output drive quill and normal readings from the input drive
quill.

The output drive quill roller bearing showed one scratch about
1/8" long in the outer race. All other damage was due to minor
corrosion and pitting. The Duplex Bearing Set showed damage to the
cages of both bearings due to inner race contact, some small scratches
and minor corrosion.

The input drive quill roller bearing had evidence of very light
pitting and corrosion. The Duplex Bearing Set showed heavy wear on
the cage from inner race contact on one bearing. It is suspected
that the other bearing in the set was worn excessively as there was
a deviation in the ba)l path in the outer race and the bearing fell
apart upon removal from the input quill housing. There was no other
damage noted.

The gear set showed normal wear pattern.

15




A/C  #66-~0630

FSN: 1615-918-2676

PN:  204-040-003-37

SN: Bl13-3243

TSN: 1735

TSO: 939

REMARKS: OUTPUT DRIVE QUILL:

o

PN:
SN:

Roller Bearing:

Outer Race:

Cage:

Inner Race:

Rollers Normal Wear, minor corrosion, minor pitting

Duplex Ball Bearing:

Outer Race:
Cage:
Inner Race:
Balls:

Duplex Ball Bearing:

Outer Race:
Cage:
Inner Race:
Balls:
INPUT DRIVE QUILL:

PN:
SN:

Roller Bearing:

OQuter Race:

Cage:

Inner Race:

Normal Wear

Damage From Inner Race Contact

No Apparent Damage

Damage From Inner Race Contact

Minor Corrosion

Normal Wear

204-040-310-1
21020

Scratch Approx 1/8" long o

Minor Pitting

20L-040-143-1
8199H-1

PN:
SN:

No Apparent Damage

Small Scratches on Thrust Side

20L4-0L40-143-1
8199H-2

PN:
SN:

Corrosion on Thrust Side

No Apparent Damage

204-040-310-1
147403

Light Pitting and Corrosion
1 scratch

Very Light Pitting
16




Rollers: Pitting & Corrosion

Duplex Ball Bearing: PN: 204-04L0-143-1
SN: 8112H-1

Outer Race: 1 Small Scratch on Thrust Side
Cage: Heavy Wear From Inner Race Contact
Inner Race: Corrosion

Balls: No Apparent Damage

Duplex Ball Bearing: PN: 204-040-143-1
SN: B8112H-2

Outer Race: Deviation in Ball Path
Cage: Normal Wear
Inner Race: No Apparent Damage

Balls: No Apparent Damage

17
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281st Aviation Company Bi State Airport

90° Gear Box

420
420

Gear Box Input

A/C 60630 UH-1C
6600 RPM N,
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90° GEAR BOX TEARDOWN ANALYSIS

Three 90° gear boxes were observed having abnormal graphs but
one gear box was torn down for analysis because only one newly overhauled
gear box was available at the time. The other gear boxes will be torn
down as soon as replacement gear boxes are made available.

The gear box was removed because of the growth noted in the rate
and level while the data was being taken. This growth is usually
indicative of damage progressing.

Analysis showed that the source of “his growth was most ilkely
caused by one of the Duplex Bearing Sets PN: 204-0LO-L2L-1. One
bearing in the set had two large spalls in the outer race that
apparently appeared recently as there was no continuous dall path
through them. Also three spalls were observed in the inner race of the
same bearing. -

One small spall was found in the outer race of Duplex Bearing Set
PN: 204-0L0-143-1.

All other damage was attributed to minor corrosion and pitting.




Outer Race:
Inner Race:

Balls:

Outer Race:

Inner Race:

Outer Race:
Inner Race:
Rollers:

Duplex Bearing:

Outer Race:
Inner Race:
Cage:
Balls:

Duplex Bearing:

Cuter Race:
Inner Race:
Cage:
Balls:

No Apparent Damage

Small Duplex Bearing:

Small Roller Bearing:

2 Small Scratches

1 Roller Slightly Secratched

PN:
SN:

1 Small Spall
No Apparent Damage
No Apparent Damage

No Apparent Damage

PN:
SN:

90° G/B .
1
A/C:  69-15550
FSN: 1615-918-26TT
PN: 204-040-012-13
SN: ABC-5688
TSN: 588
TSO: Loo
REMARKS: Small Duplex Bearing: PN: 204-040-L24-1
SN: 21262

2 Spalls, Burred Around Edges

3 Spalls, Evidence of False Brinnelling

i i st e e s i

204-040-424-1 1
21262 |

PN:
SN:

No Apparent Damage

No Apparent Damage

Balls: ' No Apparent Damage

204-0L0-L406-1
203462

PN:
SN:

No Apparent Damage

204-0L40-143-1
12620

204-040-143-1
12620

Mild Corrosion and Pitting |
Mild Corrosion and Pitting
No Apparent Damage

No Apparent Damage




Roller Bearing: PN: 204-040-4OT-3
SN: 23475

Outer Race: Mild Pitting, Scratches Parallel to Race

Inner Race: Scratches Parallel to Race

Rollers: No Apparent Damage

4
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2.2 FORT RUCKER AIDAPS HELICOPTER DATA

The data collected on the AIDAPS helicopters was from gear boxes
of known condition. Each gear box was completely disassembled, in-
spected, and any necessary component replacement accomplished prior
to reassembly and use in the program. The data included that from an
implanted input quill duplex bearing (item 20, Figure 6 ) with known
defects.

Figure 11 shows the shock pulse curve for the "sanitized" gear
box as well as one with an implanted duplex bearing. In this oase,
the outboard half of the duplex bearing had a single spall in the outer
race, 0.14" x 0.14", with a definite depth; the inboard half had some
corrosion caused pitting with one pit in the ball's path. This damage
was classified in category C which corresponds to moderate spalling.

A second duplex ball bearing, this one with a single shallow spall
approximately 0.08" x 0.08" in the outer race, was implanted in another
2° gearbox. Of particular interest was the observation of progressive
damage while the test was in progress. The shape of the shock emission
curve changed continuously over a period of minutes in both rate and
shock level. Figure 12 shows two curves developed on a single run. A
change in slope takes place (A), a sharp increase in rate (B-C), a
continually change in slope (C-D). Without shutting down the engine,
the second curve (E-F-G) was developed. After engine shut-down, an oil
sample analysis revealed traces of metal, although not beyond that
deemed unacceptable. The dotted line is an extrapolation of the initial

slope and gives an indication of the shock level stabilizing at a

factor of ten higher. Two more runs were made which essentially repeated
curve E-F-G. Teardown analysis showed that the original degradation had not

changed noticeably but that new spalls were found on the outer race and on

one ball bearing.

-

RNT——"




Additional data was collected on hanger bearings installed on
helicopters involved in the AIDAPS program at Fort Rucker. These
hanger bearings were inspected and found acceptable prior to their
use in that program. Figure 13 shows the effect of engine rpm variation
and anti torque pedal (tail rotor) inputs on the number 4 hanger bearing.
The difference between flight idle data and that at 6400 and 6600 is

apparent. At a given N_, rudder pedal deflection gives a slight increase

2!
in the potentiometer level generally shifting the shock pulse curve to

the right. Similar results were obtained on the number 3 hanger bearing.

Additional data is in Appendix 2.2.
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2.3 TRANSMISSION SHOCK PULSE ENVELOPES

Shock pulse data was collected from two locations on the
transmission. Figures 14 and 15 show the attachment point for
the transmission input drive quill and for the mast bearing
assembly. Figure 16 is a scatter diagram of nine different
transmissions with the accelerometer attached to the input drive
quill. The dotted line 1slthat recorded from Bearcat 13 at Fort
Rucker, Alabama. This is the only transmission of known good
condition, having been inspected prior to its use in the AIDAPS
program. One of the transmissions installed on UH-1C 66-15071
indicates a much higher rate and level than the others.

Figure 17 shows a scatter diagram for nine transmissions with
data collected at the mast bearing assembly. Again, in this figure,
the dotted line is from Bearcat 13. The single exceptional high
rate and level readings is the same transmission that indicated
the high reading from the input drive quill.

It was beyond the scope of work to reﬁove and disassemble a
transmission. However, past history has shown that exceptionally
high readings above the norm generally indicate degraded components.
There is no way to determine the level of degradation nor to
isolate it within the transmission.

Figure 18 indicates the effect of sensor location on the
shock envelope of the mast bearing reading. The accelerometer is
normally mounted on the portside. Forward and starboard locations,
when compared to the usual mounting exhibit only minor variations;
the aft location varies by a factor of two at the higher

potentiometer levels.
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2.4 GENERATOR OFFSET QUILL ASSEMBLY

m— e
o I el +

Shock pulse data was collected from the generator offset
k. 1 quill assembly shown in Figure 20 . With the assistance of
'i the Ohio State Research Department, data was recorded on good,
| as well as implanted, gears in this assembly which was under-
going laboratory tests under an AVLABS contract. Figure 2 o

shows the shock emission curves for the good and artificially

damaged gears. No appreciable difference was noted in the

two curves. This could be attributed to an inherent limitation
of the MEPA-10 to detect gear damage in this particular assembly,
considering: 1) the type of damage artificially implanted;

2) the severity of damage; 3) the contact of the damaged compo-

nent with other gear elements.

Also shown on Figure 20 is single envelope taken from an

T

assembly as installed on a UH-1H. Although both laboratory

and aircraft installed assemblies were operated at approximately
the same rpm, there are only minor differences in rate and
levels. As these are two different assemblies, with the air-

crafts component being of imknown condition, no general conclu-

sions should be inferred.
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2.5 OH-58 DATA

Readings were taken on an OH-58 tail rotor drive train in order to
show feasibility. Data collection was limited as there are only two OH-58
Helicopters in the St. Louis Area. Also the OH-58 has two types of
hanger bearing mounts and a new sensor mount would have to be developed

in order to take readings on all hanger bearings.

Only one of the two OH-58's in the St. Louis Area had hanger bearing
mounts compatible to the sensor mount so six hanger bearing readings
were taken. :

A reading was also taken on the 90° gear box. There were no
attachment problems encountered. .

No definite conclusions can be drawn due to the lack of data and

teardown analysis.
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2.6 FLIGHT DATA

Although not a contractual requirement, data was collected
with the shock pulse meter under conditions other than ground
runs. Figure 24 shows a comparison of ground, hover-in-ground
effect, low and high speed flight, and autorotation conditions.
The data was collected with an accelerometer mounted on the
input drive quill on UH-1H 69-15550. Figure 25 compares two
UH-1H helicopters, both at the same high-speed flight condition.
At least as far as the input drive quill is concerned, the
various flight conditions had a negligible influence on the
shape of the shock emission envelope or on the rate or level
readings. The shock emission envelopes fall quite well within
the scatter of the bulk of the readings qhown in Figure 16.
More information will be required before advancing any conclu-
sions as to optimum sensor location or flight profile to

record shock pulse signature.
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3.0 GEAR CONDITION TESTS
A feasibility study for extending the shock pulse technique

to detecting damaged gears in a UH-1 42° gearbox was subcontract-

ed to SKF Industries, King of Prussia, Pennsylvania. The College
provided three 42° gearboxes and installed the damaged gears for J
test purposes. The 42° gearboxes were operated in a test fixture
described in Appendix 3.1. Initial tests of comparison of shock
emission curves of heavily damaged gears compared to baseline

(or undamaged) data were inconclusive. The test fixture was then
redesigned to transmit higher loads. However, no appreciable.
differences in shock levels were seen except for one transient
event. No substantial changes were noted when a second set of

damaged gears was installed.

Tests involving a second 42° gearbox with a artificially
damaged output quill did not yield repetitive results. Position
1 data, for instance, indicated a high rate of shocks at low
shock levels for an implanted gear at low rpm but did not appear '
at higher rpm. Data from the addition of a damaged input quill
unfortunately could not be directly compared as the SKF report
did not give the necessary horsepower information. (This will be
clarified for the final report.) However, fluctuations were
noted in the shock rate data which were of similar nature to that

of degraded gearboxes on installed operational helicopters. SKF

infers that the fluctuations are due to particulate contaminant ‘
in the lubricant and therefore the faulty gear is detected in a
secondary manner. Unfortunately when the test data is taken as

a whole, this infererence appears ambitious.
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The standard attachment fixture designed by the College was
utilized in the final tests and compared to the "optimized" SKF
sensor location. The sensor was attached to a bolt on the input
quill housing as in its normal use. Inasmuch as flucturations
were noted in the shock pulse curves, mean values were plotted
for the two SKF positions and the Parks attachment. Data was
taken from Figures 24-29 of Appendix 3.1 and are replotted and
compared in Figures 26 and 27. It does not appear that the
optimized SKF location is any more sensitive to the degraded
gears or bearings than the Parks attachment. Indeed, for the,
damaged gear, the SKF position 1 location is'nearly identical

in reading to that of the Parks attachment.

52

St ook e




42° Gear Box

Mean Profiles- Damaged Gears

SN B13-1561

5000 10000

i

2000

1000

T e RS

7 8 A e AR .
Aoy e ot el 8 oy et gy T

P PR e N I R S N [ RIS CYES TR

T s e s

! TESEAL S SO e O 4
T .

500

“ A H\._wuk S et 3 “
f i 7
..... = £y S o 2% i
~ o i B o el e e
; Tl e 2|
B P ot D) RS, R 4 H
it i b e P | @ 1
: i i W o o |
s SN 17 SR 3 g g s s 1~ SR IR |
= - .l\.A.flmI‘..m." 3 _y.l..l|ml|.“.l < |.m.1l.u..lt._ .m 1
= S gty ey ey & et o el e e (RS Py e m ]
e e e e Ak — e — o
.- ﬁ = AM\I « : H 3= 3 Oet 1
¥ A EEE BN B )
it EREET &
; a B
o4
e
ot
0w
o
(¥

NOTE:

2
é
120
540

‘spuodas awiy uonesbayu|

Position 2

Parks designed attachment

Figure 26

53




Mean Profiles - Damaged Bearing

L2° Gear Box

SN B13-1561

Rate

-

fﬁaggﬂfﬁ;iﬁ..x"

{

sl o

Potentiomeior level

Position 1 ccccccccaccaa
Position 2

NOTE

Parks designed attachment

Figure 27

54

o




L.0 CONCLUSIONS AND RECOMMENDATIONS

The results of specific teardown information to shock pulse
signatures of the various components can be found with the assemblies
removed for analysis. Damage found in multiple bearing assemblies
such as the 90° and 42° gear box cannot be correlated to shock pulse
data of an individual bearing assembly within the gear box. The
MEPA 10A with present accelerometer mounting techniques will not
allow for specific discrimination as to exact type and location of
defect. Present use of the MEPA 10A does, however, allow it te be
an effective diagnostic tool to determine over all assembly condition.
It is felt the shock pulse technique has proven its effectiveness
as a diagnostic tool in discriminating between assemblies with no
defects and those with various stages of degradation. It is a fast
and reliable procedure to determine general assembly health and when
coupled with sufficient baseline data of a particular component it
can track damage progress and provide the input for making a prognosis
of the elements functiornal life. i

In-so-far as the L42° gear box test cell use of the MEPA 10A for
gear damage detection, it is felt the accelerometer attachment
using the VD-2 provided data of equal value to any other methods. A
more indepth look at the specific input from SKF Industries will be
required before forming any conclusions as to this effort in attesting

usable shock pulse data from damaged gears.

In light of the results obtained in demonstrationg the effectiveness

of the shock pulse technique in revealing bearing damage, the following
represents recommendations for future actions:
1) Initiate a program to secure shock pulse data from aircraft

in flight profiles to establish the shock emission signatures




3)

L)

5)

of components under different load situations. A flight
program should undertake the task of determining the
consistency and reliability of obtaining data at several
different flight conditions to refine as much as possible
the optimum recording of a component's condition.

Establish through further data collection, general operating
limitations of the desirable shock pulse envelope of Rate vs
Level on bearing and gear components.

Undertake an engineering effort aimed at the réfinement.of
accelerometer attachment with emphasis toward flight worthy
installations.

The. mast bearing and input drive quill of aircraft 66-15071 a
UH-1C helicopter belonging to the 28lst Aviation Company at
Bi-State Airport showed shock emissions profiles which
necessitate collateral teardown inéormation. Since both
components were parts of the transmission assembly of the
helicopter, there is a likelihood that a defect may be
present in the assembly, teardown information would be needed
to confirm this supposition.

Two 90o gear boxes other than the one assembly removed for
teardown, yielded shock profiles which we feel were in excess

of a normal profile and also should be removed for teardown.

Due to the lack of replacement assemblies at this time, we were unable
to remove these. The summary graph showing data scatter in this

report will reveal the irregularities of these assemblies.
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L. INTRODUCTION

fn the past, damage detection has consisted mainly of vibrational
data analysis. A new dfagnostic tool in the field of bearing damage
that has been recently introduced is the MEPA-10A Shock Pulse Meter.
The principle of operation of this unit, is that, a damaged bearing
in a machine generates mechanical shocks, which cause brief, high
frequency vibrations to emanate from the point of impact. This
pulse of energy is governed by the speed of sound in the structure
material. It is attenuated at each mechanical interface and decays
in amplitude in proportion to the distance and damping characteristics
of the material through which it is travelling. An accelerometer
is used as the sensor and its output is fed into an amplifier tuned
to the accelerometers resonant frequency. After signal processing,

the output is displayed on a meter having a 20,000:1 dynamic range,

the meter displays shock pulse rate of occurance and the amplitude

iv as then possible to plot a curve of pulse rate versus the pulse
saplitude, which is a revealiny measure of bearing condition.

Because of the successful results obtained in detecting rolling
bearing damage & 08 Industries was contracted by Parks College of
St. Louis University to establish the feasibility of, and determine
& diagnostic approach for, the use of mechanical shock emissions
to determine the condition of gears in an operating helicopter
year box. The tests were conducted on three UH-1 42° gear boxes.
tach gear box was tested on an SKF test fixture which had been

‘tavly modified for this series of tests. The fixture is shown

‘nelosurel. As shown, the drive motor is belt coupled to
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pulleys. These pulleys were changed to vary the gear box speed.
The input quill is coupled to this pulley and is driven by it.
The output quill is connected to a hydraulic pump which served
to dissipate the energy transmitted, and whose pressure, and
therefore whose load, can be varied with a manually operated

valve.

The gear boxes were driven initially by a 15 horsepower in-

gear boxes tested were operated at speeds of 3560 RPM and 1500

RPM. These speeds were held to within 2% between tests. At each

induction motor were installed on the fixture. This increased
the drive and load of the test rig to 34 horsepower.

Enclosure 2 shows a curve of oil viscosity as a function of

3 relates o0il viscosity to horsepower as a function of the pump
pressure for the IMO 3D pump while Enclosure 4 does this for the
INO A6D pump.

Thus by controlling pump pressure and monitoring oil temp-

erature the gear box applied load was determined.

1l _Detajls

IT a. Shock Pulse Tests at Low Loads

duction motor into an IMO 3D hydraulic pump (with 156 rotor). The

speed two different loads were applied. Early test data indicated
that a greater load was desirable to more nearly approximate flight

loads, and sc an INO A6D pump (with 137 rotor) and a 50 horsepower

temperature for the oil used in both pumps during testing. Enclosure

The first step in the program was to establish optimum sensor

lications for detecting gear dawmage. After examination of the gear
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box drawing, four positioas were chosen. Data obtained from thesc I

prints however was not sufficiently different to clearly indicate

onc location as superior. Consequently because of the theory of i

shock pulse operation a location was selected which had a direct ,
mechanical path to the gear mesh. A spot located over the roller
bearing on the input quill was selected. An aluminum block con-~
foraing to the shape of the housing was fabricated and after the

paint was removed from that area of the gear box housing, the

bplock was bonded to the housing. A second or backup spot was

selected on the base opposite to the oil level gage. This location |
was sclected because the gear box structure in this location was
suitable for mounting an accelerometer and there was also a direct
nechanical path to the gear mesh. Enclosure 5 shows the seansor

locations.

Gear box S/N A13-830 was the first gear box tested. Enclosures
o and 7 depict the base line data obtained for this gear box. As
can be seen from the data the shock level increased mainly as a
function of speed and not of load. Damaged gears with pitting
damage were then installed into this gearbox. Enclosure 8 shows a
Pirtu?e of these gears prior to their insertion into the gear box.
The upper picture is of the output gear, which has pieces of gear

teeth missing probably due to earlier gear failure in another gear

box. These gears had however, not been previously run as a set in

this gear box. Enclosures 9 and 10 show the data obtained with

these damaged gears installed. Position 2 data at 1480 RPM shows
iqhe

r shock levels with the damaged gears than with the undamaged

“% but at the higher speed it is less.
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t1 b. Shock Pulse Tests at Higher Loads

Since these damaged gears had not operated as a set previously,
rhe possibility exists that the damaged areas were not contacting
saring operation. In addition, the load placed on the gear. box
wss much less than the actual load presented to the gear box in a
selicopter. To provide more representative load the previously
discussed motor and pump change was made. The same speeds were
valntained but higher loads could be transmitted. Tests at the
new loads indicated a small increase in the shock level for a
previously tested gear box for both position 1 and position 2,

a: can be seen in Enclosure 11. When comparing this data with
that for undamaged gears, at the same load and speed, however,

no large shock level differences are evident.

At a later stage in the program a third set of gears was
installed in this same gear box. These gears were damaged. The
danage is shown in Enclosure 12. Data obtained from these gears
is shown in Emdosures 13 and 14.

There is little di fference between the curves shown in Enclosure

11 through 14, and those shown in Enclosures 6 and 7. Oqg event
of significance that occurred early in testing at 3540 RPM at 13 H{P
load ‘was a sharp increase in shock level for a period of about 2
ainutes., The data obtained during this time period is shown in
tnclosure 14. This gear box was run for an additional two hours in
saticipation nf this event recurring. It did not. A post test
“Xaaination of the oil in the gear box showed fiue metal particles

throughout the oil.
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The secoad gear box for which base line informatina was taken
was S/N B13-1561. This data is shown in Enclosures 15 and 16. It
is similar to the baseline data obtained from gearbox S/N Al13-830
showa in Enclosures 6 and 7T with the only difference beinj that
the position 2 shock level data at the higher speed was about one
half that of the first gear box baseline value.

This second gear box SN B15-1561 was also retested with higher
loads. Enclosure 17 shows the data obtained at 3510 RPM. There
was a slight change in shock level data compared to that in En-
closure 16 and this was a decrease in position 2 readings. Be-
cause the data shougd no marked change with these higher loads
at 3540 RPM, the lower speed runs wdre not repeated.

This gear box was then removed from the fixture and the gears
taken out. They are showa in Enclosure 18. An artificial damage
w1s then put oa the output quill gear with a hand grinder, aad the
two gears reinstalled in the gear box.

After the gear box was remounted in the fixture, daca was taken
at 1520 RPM, and is shown in Enclosure 19. Position 1 data indi-
cates a high rate of shocks at low shock leyels. This is indicative
"f solid particulate matter in the lubricant.

Position 2 data was slightly lower in shock level than nor-

{ for this speed. To assuve the reliaoility of data obtained
Toposition T (yvorify that bonding the block did not adversely
*flect the test) a hole was drilled and tapped to mount th2
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accelerometer block directly to the gear box thereby eliminating
the potential interfa?e effeci of the glue. Data was obtained at
the higher speed (3540 RPM), the hole was drilled and tapped and
the test repeated. This repeat data is shown for comparison in
Enclosure 20. There was a slight increase in both rate and level
with the new accelerometer mounting.

The difference lies within the normal variation of readings

from run to run, however.

Enclosure 21 shows the shock data obtained for the artificially
damaged gear implant at a speed of 3540 RPM. Position 1 data has
changed back to the more usual curve shape obtained at this speed
on the other gear boxes.

At this point the gear box was Qperated for an extended period
of time and data taken periodically to monitor the trend or growth
with time. Enclosure 22 shows data acquired after running for 3,

10, 30 aad 50 minutes respectively. There was a 4 to 1 growth
in shock level which normally indicates damnage growth. The unit was
again run for an additional hour the next day, however, the curve shape
did not change from that shown for 50 minutes ia Enclosure 22.
Visual examination of the gear box oil showed fine metal particles.
The most likely source of these metallic particles is the gear which ha
“*en artificially damaged. Because of the roughness at the edges

the artificially damaged area of the gear metal burrs could break

{ quite easily.

Next an input quill assembly with artificial damage on the gear

“'* imaplanted in this same gear box, The damage had been put in the

:—“ . " 112 r
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jear with a carbide scribe. Burring that occurred during the scribing

was not removed. A photo of this gear is shown in Enclosure 23. The

sutput quill in which theé gear had been previously artificially damaged

by the hand grinder was not removed. Initial readings showed a shock

level of about 9 at position 2. This quickly changed to about 25

\
|

within a minute or two after the gear box was started and took the shape |

of the curve shown in Enclosure 24. Enclosure 235 shows data obtained
at position 1 while Enclosure 26 shows data obtained using a Parks

College type VD-3 accelerometer holder supplied by Parks College.

The holder was mounted to a bolt on thebinput quill housing. There i
was some variation in shock rate with time as can be seen in the

three enclosures. This type of variation had 2ot been observed in

the past. Also there.were occasional but regular rate spikes observed
which gave readings of up to 2000, I;creases in the rate of small ’
shocks is characteristic of particulate contaminant in the lubricant
passing through the bearings.

Upon request by Parks College an "unknown condition" input
qQuill assembly supplied by Parks College was implanted in the gear
box and data again taken. This time the rate readings were also
variant., The data is shown in Euclosures 27, 28, and 29. The read-
inys ootained also showed extremely high shock level indicative of
bearing damage. |

This implant rather than having a gear damage had a damaged
fing and Lhis is shown in Enclosure 30. The ability of the MEPA-
to 1snlate bearing danage was oace again domonstrated.

A Lhird gear box was tested at low and high loads and speeds.

' | * 113
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L,vse line data was obtained, however, and it is shown in Enclosure

31 a9 X2

it ¢. Vioration Measurement

ls addition to the above testing, single axis vibration measure-
ss+ts were also made. This was done using an SKF Industries MEB-17A
vivration Aaplifier, which determines vibrational velocity from an
ecceleroaeter input signal. This unit has three frequency bands (S0
te 300 HZ, 300 to 1800 dAZ, and 1800 to 10,000 HZ) and is used for
sidbration testing of bearings at SKF. The sensor used was the accel-~

eroaeter located at position 2. The data obtained is shown in Enclosure
33. !t is evident that vibration velocity levels are not a counclusive
nrasure of gear damage. Although there appcars to be some correlation
bctwcen damage and vibration readings, ;his is true only for certain
d37a;ed gears and not for all. At the same time a tape recording of
the vibrational velocity signal output was made. This was later reduced
+»*1 analyzed on a B&GK 1/3 Octave Frequency Spectrum Analyzer.

‘he BEK traces are showa in Enclosures 34 and 35. As can be
sec: froa tha data the gear mesh frequency predominates, aund damage

«*1s do not show marked differences (increase in amplitude) as com-

¢#icd Lo undamaged gears.




CONCLUSIONS

—_—

Three gear boxes with several differént tynes of gear damage
have been run at two different loads and at two speeds. From the
data obtained during testing, the following has beea determined:

1. The MEPA-10A detects gear daiaage in aa operating gear
box in a secondary manner. The aetal chips and particles that
are the products of the mesh of damaged gear teeth tend to pass
through the bearings as the oil in the gear box circulates.

2. The shock pulse technique has again proven successful
in isolating a damaged beariny in a gear pox as shown in
Enclosures 27, 28, 29 and 30. This coupled with the ability to
detect incipient geaxr {ailure by the effect of the associated
particulate contaminaﬂt in the lubricant being measured by the
MEPA-10A establishes the shock pulse technique as a viable total
gear box condition monitoriny technique.

3. Standard shock pulse analysis techniques using the MEPA-10A
(shock emission profile) do not appear conclusively to provide a
Jdirect measurement of gear damage with the sample cvaluated
in testing. The sample consists of natural and artificial damages
implanted oJut without certainty as to the degree and severity of
daaage eacounter in the gear mesh.

4. Vibrational velocity monitors analyzing the signal in threse,

two aad 2a2-half octave bands, or one-third octave aaalysis, do not




- 10 =

provide any consistent indicatioa of the existence of gear damage. ?

The undamaged gear set was characterized b& higher vibration in

fact. i .

ﬂﬁﬁOM“ENDATIONS

————————————————————

While the test program results indicate the capability of

the shock pulse technique to detect gear damage change by measure-

ment of the effect of gear damage debris on the shock pulse rate
mecasured, certainty of corcelation of damage size or growth rate
to the measurements were not established. The program scope did
a9t coatain this task, but rather directed that correlation of
shock level and gear damage be determined.

1. To fully establish that shock pulse measurement of lubricant
debris from gear damage (and as a mattér of fact gear wear) ;racks
damage conditioa from incipient through advanced stages requires
the following effort:

a) Modify the existing test fixture to permit higher gear

box loading. Conduct gear endurance tests to obtain naturally
caused damage and allow damage to grow.
b) Measure th2 shnck euission profiles effect of the gear

enitted debris and correlate through periodic gear box examination
to level of gear damage and wear present, and with oil debris content
analysis.

2. A secnad area where effort can be applied is development of
"vie sophisticated shock pulse analysis techiiques to examine the

emitted shocks between the main gear mesh shocks.




It is apparent from the 8SK traces that the amplitude of

vibration emitted at the gear mesh frequency is very high, due
to the meshing impact. The damaged areas come in contact only
as the teeth slide across one another. It would appear that

the impact of the damage as compared to the impact of the teeth
mesh is quite small. The shock pulses emitted by the damage
also would occur at a higher frequency. Since the MEPA-10A has
proven so successful in the measurement of bearing damage, modi-
fication of the electronics should be considered to investigate
the shock pulses emitted in the time segment between the meshing

of tceth, as a measure of gear damage severity.

117




w0

ENCLOSURE 1L

1o
O
e

a

RAA

TEST FIXTURE

INC.

INDUSTRIES,

RESEARCH LABORATORY SKF

118

"




VISCOSITY. SAYBOLT UNIVERSAL SECONDS g g
:i .' R P r ¥ wsoui #F ¥ EEE 0 EE !!? E 2 & 3.
il L] T 40 TR R IR S AT LR YLD R TV o
e TN R LT 0 I S R T AR NV A RO
p = N ERE3 ET m  A AR BEHERLL SRR T e
: R L OGN 1 L 1 R L
| o NIE) IR AN 3 L e R AT L iy
f i \ 0 AT O I L S 1 (] LS O AT ¥
\ 5 | IR ) P T T R Y A M AT 'm ; WL
TR NN L HEER T R 7 ‘:-.<
» R ST SN ML O e A A D L L T 54 LR AL O R -_*'
. TR HIDGE L i TR E NI ol LRI 1.
: NN X0 LG ML T LRI
! yTEih 1
R I R R Rl % AL IR A AT L TR S RN
‘ g 1 RRD ETRET CEER AR e R A R T qutoeen ey e EAITITIT -r'...r
] [HERRE IH,!H‘ HIRL | |I LLI T i ln I l | . P
& | B EENR A 1 R VI thy “E"L ||!; )4 1N uos
¢ FIHIREE IR ENT RN T N DL I B T il il LK 1l 8
; " AN FR B T NN R0 GRS UEEn N A TR A (S O M R R LR N N B }
; | : \ T LR T D VTR D 700 B N 3 |
‘ - | e e i Mg SN 1 & |
; T | R EENS A RO A A AT N AT AL ""/""" EETLISTUIR T LU 1
' ® ) | NI IR A e R bt gt H A e ] q1y g s ® |
‘% : = | EREERE RN AL LR RRE R RS RS H EREAL ST !M ¥ ""i‘w; ittt e |
i g ' NI IR T R VL g AT e e 'l 1e '&
: ne 1 N BN ) R R N 01 0 R 1 0 (PRSI LA TGO NTT1 RELD R IARGEN
% S i N I N R0 ERUR R RS CRATR! RO BAAL LY S TUIELARALL SR LT NI NTEERRR PR
| e i [ N EERRI TSR 0 00 (VS G N UM -!l' G U1K S AL N WESREEI RS
= i T T T LIS i T T 1""" TR T AR [ *
5 i BT R I AR O HIOHR DX . —i8 7
o E I (N ENN R U ) O R R YA 1'--r/";:~'l_h‘ LT “1":'.;47..‘...] - |
G [ R R A B R (O AR SRR N1 SRR TUR TN AR KR R 111 RITR RSN P~ |
s i VI b s e i T ”"'”"rﬂ' LR R ' 5 |
E .l 7 | NN TR WU CEERR O S N ITTHRERRFITRIRSTIR AR L '! 1N LSRR -1
z E (SR D01 FREE W LRSI & YR ¢1 NI SR ) FRIT o AT R 1/ FTSP Rl |
E e B R AN I R AR RN |3 SRS S PR L M JRLTRAL g =
¥ T ) T L T Ly e e AT T L (TR S T T RS 18 Rt
| i ' 4 il S b T T
] | RN SRR RN HAS N D N R LA IR SRR 0TI s LN srered B |
z N TR LD K] A MY (11 R AR TN LTI AP N 1 AL KR ?
[ 1 SSTR AN RAN D) DTN ATV WA 1 DR YU R (TSR T ILIRASSRSIN ;
£ (NS [TATHILA U RAHTTE Y. LT WAV T NI TN (TR R THA R | TH TR
Cn T A T T T U U UDE HT *r
£ e i 11N RV : IR nerals :
'HI“| i JIRONSNRERITIER R R TR A0 KR HA G 3
§ NS VHE (AT WRARI CLI0 RS i T :
A T 108 & R UV ASLE (s { i ; v
§ A B A N AR '17' i I ! - :
[N || | | [ | I. ok ;
g ' Tt TSN N N i g”.
& T ! el Lv_; L) - 0 _":2 ..
1 %‘ li {I;; S5 K351 FLIR SO |l il -‘ .gs
== = RSN I R ITER N HE il N
:—-E).. : f % b A :-,5 T T T |1 m E';
- | | IR N4 NI NG | '!!. §c°
T i (ENES il Hi iy " W) ‘|; a <
5 i 1 I‘ -l%l /' ‘A .;'l :Ti ; - I c§x
3 ] 13 Hh \ ' z
E E_L ' | !§ Ll 1 ST 110 O ! i £ qu
e g[ H 1) N [N U : |t o ‘}.
> s Il ' [TEN L ] |
2 I 74 11 1” T ] i T g g v3
g = VARRAIIE . f i <9 =
S , |9 AR FYRS) [HT) N R N MO R , o Cc P !
—4 L { | | |4 K [ERKI LN 1] ! i Ko S
< 9 E- (7. DAY IR 1R Ll Lt | ¥ r A~
-2 'F' P 42 35 15 T Tt [} } - - < u va
g_‘ -lr ] |7, K R R L 1%1 i - :.Q-‘.'
=8 A e | T\ T ST O R R R A - ('\ odhidh B B
=1 ¥ o - AT AR NI L AN R —A Y o
e ot o s a0 L LD V18 go |,
A o W A A A o S oS 11 1 fi .J (@) I. A
I e e e 2 2 s L 3 a1 1 12 e h
- {"- \ | | L0 g T ] Laidl ! r LI P . .
;' .,L ' T 18 LR L |I:‘I.4_> [RARA ! 14 | Iil'__o._{ . .-:
R 1 f o s Y B R0 A t=de]
z | S | [ VY " : Jl{ ’
B — e A
e — r & & B&E = ELE g © lﬁl R A 119 i
ne L MFASITY AVEALT UMMEREALSECONDS e Ll




)

1

RN - .t - s
. £y \
B e e BT

r=telndaleim St} by

i
i
il
1

M
:

697
s
|

sy

130007 -

R
o
T

E.CLUSRE 3

g

¥ ¥
e
)

|

{ 8 SRS R I 5
Car i e pes .

I1MO 3D PumMpP (Wit \S6 ROTOR

1
P S 0
L_ﬁ-h '--. ep—

et

- .
S 3

PULEIEE
X s o
';.Dv“".

p e
—r———— b 4




2
{5

‘4000
f

t
; 4 - —- N e e
| 17 n oA RN n By EERSPRARER §
i HEEL L e
A Harigt i
| ; LN |
1 il T ] :

S

!

MP RPM - -

\

e o p 73

(P
Rt

2l 11130 ittt
Tty H\,‘.M.f-f-._. R eu ekl
i : T4 Epkrsaunkl Gaben AREY FRERS
! . .~ ¥ .H..WT. ;-“_w R i i
5 ~. ! MBERLPEREFRANEREE, ¢ ;2.8
: Sl SN AENLERELEPERE Ko '
3 P H L e :
£ T 5N 5NN I R T W G
‘~.. F ! (w._ 5 | x. ‘lﬁuﬂm “ M.T-“ .Mnm_.ﬁ..hl_ ' 1 '
k RIS TS ) R o
_:I,M: I T.._. puk AAEEIE R 1-17
HEmin: ] Hi A :
FEFRRERRA ik s R B RS ,
SERREMRRNsESRET RNl rhi ‘
! i

SR T, CHELISE T
s b wetedeid e -t
u#—;-
-
Sttt
bty
t
o
)55
T
b
1 1
'
e

- b o
- t
Lo

8]
bt
..-A 1
e s
o

A
g |
75
T
-t}
ki

i
s
".;_l_l\_f_
.
s
i ke s &
SR

-

) IS SR L
) .

r. s
,¢__T‘

o mr
O

- Pu

ENCLUSURE 4

s
i
il g

i
L. 4

1

-+ -

-]

ol
T

ST

L

- .

'

TMO AD PumMP (Wimh \377 ROTOR )

.,. A i m y :
I : i SERESEER m e
1 A e A T T T ]
R e aed et el R TR T ! ,“
BENE &AW 20 _ L4 T *.T_ x_.... M__ Ad
ieshilas m.nr._m_._‘ . m__?_ ._u__-ﬂ_.,_r.n-:.m... 5 A m
tat bty b ot b e b4y A S Fef-p - Ll ‘
U B R it 7.
o N R e P R 1
A TR 1




i
i
{ ENCLUSURE 5
i
:
\"
t
i
l
%6 348 '
42° Gear Box
{
i
|
|
122

. RESEARCH LABORATORY SKF INDUSTRIES. INC.




8z°k
/703 °F

S/N A13-830
BHASE LINE DATA

AMB/ENT:
GCEAR 22X 7SMP

SPEED: 1480 RPM

ENCLOS WRE &

Rate measurament of shocks per second

Forekomstfrekvens

Antal stotar per sekund

Rate

#.

10000 +——7—

pie big b
~ © o o

|
|
|
|
|
{
F
2
3
A
180 |
_4

LS
SHOCK PULSE METER
MEPA 10 A

pIew ‘SpU0dds dwiy uonesbnug

‘
123
11




11GLG 1HITANISIHIEIIL U NIVLAY PP deLona

Forekomstfrekvens

eealiNlind
MEPA 10 A

cHOCK PULSE METER

1000 2000 5000 10000 “

S00

100 200

| 9C3 6% &3 33 &

- 5 R B
ol
!

8s5°F

LT SOT s ds i raa g e
fESEEEEE s ey
EOEA 3§ g (e RO 5 2 ST 2 o e e e
]+ 8 o o
q \ : 1
M W = i 2l W o B T e 5 B B
N $ LT EEEES q [1llehe L
M JIJ AERE u.hl RH .a:m_- : =
o 3 S
0 .8.: : 2 o oo e Eop 1 1 o R I o ey s i
9 o s e
T i

S/N Al3-830
BASE LINE DATA

SPEED

AMBIENT

EnCloSuPE 7

3T

] 33 30
B IR
—Frr

CEAR Box TEmP:

Rate

Antal stotar per sekund

b

Sveam :
IO et = ob b o
-

!

e

10000

» N 3 =1 S

pnicy ’$puodas swn woneibau)

-

~—

e ———————

—




— ———

it ENCLUSURE 8

OUTPUT GEAR

I3 5Py 2

IR EE LT L E T e
) .- - . - e
i v . = 2 .
o . -
o — e e e e e
LW e - o 4 ‘ 7‘ 3 S"
" o 4-“-.-? *

INPUT GEAR
RESEARCH LABORATORY SKF INDUSTRIES, INC.

125 u




S/N Al3-830
HEAVILY DAMAGEDL GCEARS

Rate measurement ot shocks per second

Forekomstfrekvens

LS
HOCK PULSE METER

&)
S
MEPA 10 A

/480 Ppa
72°F
100°F

SPEED
RMBI/IENT:

GEAR BOX TEMP

S iEn o o e B i
8§ 5 7.3 o i F

e e

B B
1l '

P SR S

R

T

£ ERES LT .
N 1y

e

.-

|

el

-—

Wl
T

5000 10000

1000 2000

503

e

| B

f =

100 200

PAtantinmatar lavel

HET IS TR
.

)3 5D ©.43 B

T

EvccosweE 7

te

Antal stotar per sekund

A

SPUOISS dun) uo sl




2o

X80 By

S/N A/3-830
MHEAVILY DRAMAGED GeERS
0 :

Ky
BrBraENT 76

CERR Buax 7zmAP.

ForeXxomasttrekvens

SHOCK PULSE METER
MEPA 10 A

—i -

y >
Y0 °F &t Lo o o

128 °F & 24P

EACLOSLE /0

1l

) o =t == = =A== =
) e er poremt 9=y — 1-4-1° = o3 — 173° P 3 B e TEE S
G T S s e e a0 0 i o s it i = -
e = = : . e ; _#
i : B 7 s

—

.
.

200

B

1000 2000

$000 10000

500

100

Potentiometer level

oo T
e
|y "
- et = o
e dape = b i el e < s
P i i . i ,
= < A s - + L1
: = T T B B
phte b @ R
un. L EE s =1k L] e - o e i R
K8 17 62 13 0 el et g e B A 1 3 1 7 B e o fpc K 1 1 ks G 7 ey sy 4 10 £ Y il e B W g
3008 8 s oo s Lo gL —
PR D = T - T R S B DL T == o
m o N adiea »ff.wb ﬁT . T - B S = FERg b —aa
s [ il e T )
- 2 . i 111 A1) . .
R IBEHE ; ZERL UL T e 1
L L = 4 LR E : :“ﬁ
i r . - - : -} e
“ s AR % RIS ﬁ. ' AT e
0 C|fbdotet S T P T B L g — it b= .2
e < P L st i BRI AR L o LB al VS i T
_ AN |...--. -w“» e faed ffofade s Bl .m. . -
e
; : H‘
=
— — — — — o— | oF »ig . e — — P 4 — —

o _ S

Py

SPUOIM duny wogr.’




Cacs s abd S olg

m.
- o
a S .
' - ﬁlm4
) i
o
. o<
m 7
T 8
SHE (=]
1. L ond
| 3
1 m

200

SR . . v
"T_‘_“."‘.*. T
r
X

/65 °PF ar 33, 24 MO
A 7°F ot /3. 25 4P

35 Yo RLoay
f6°

Ewvceosewes [/

830
HERUILY DOrrRGCED GCEALS

Rate measurement of shocks per second

: - g 68 g

Z o e il R

£ 3I m 3 S L

£ ENETIN T % HEE L

- G 3 3¢ a [irt H

S T 3 s [TEHT R
ki CATEARE o _“
Y & B[ T
3 & & [Hi =l
4 . I

10000
10

MEPA 10 A

SO
sHOCX PULSE METER

u, e T Y T S — P ] i J.dllm
o~ © o = o
~ © o P

prryy SPU0ds duny voririfalig .

—




ENCLUSURE 12

AN SO &

A

OUTPUT GEAR

o

FUAN 0

-

~er

<

AR

N TS A e A AT O S

#ote, 3
.

"y

7¢ 545

INPUT GEAR

‘" SEARCH LABORATORY SKF INDUSTRIES., INC.

129




g
T e e P ZoE 1S
5 B .» - o
« 18 iaBaE &
SR E ..h..m.vmw : : 1 ;
% SR REREE =T B 5
= ¢ ol g B o o ] i EnE s [ W
i HEREEEE , (ED BB B T 2
> v = 4 {20 i o g B (8 LT G 2 HE
‘41 . iR ..“t“«”{ S =5 i _ g
H - it —— i : e ——1 o
28 il I [ 3 ST B B B it AL ZIeRey BRI T s ek gt aage (I
15 = It EEE e I oy ot
T LEEE : N ==t Tt1p
REITIRE AR BEilE BN o el L
z B L

d end e

:_

l

.:r__.r:_;.__..
200

-.I S

T

(IR G S P,
¥

— e

t

/O3 OF F )25 HP
PP2% o SHP

72 °F

VLA ~ 4

L
e
I
¢
|
|
MHR
' l \

T L
|
100
Potentiometer level

=
WA

o
L4
.
o
R T

S/ #r3-830
DavnGeEDd Geaes (274 ser)

ENCLODSLLE /3
i
il
!

SPEECO
A rEI/EN,

CERL BOX 747

©
[ =
3
>
[V -1
(7] i .
v Bl L
@ Ll
[« 8 1k
-
I
L
0
- .
w .
. Ead i
i ® C 4
. & < ||l
] A . i

10000 4———

&

h
&
&

v
4

Vi s v

MEPA 10 A

2
é
180
540

Pt '$puodds awn uvonceibajuyg

CONL oS . esru] @vdoy D upil “s'y a®] N IVE




Rate measurement of shocks per second

Forekomstfrekvens

-_\.
-
)

C

| uOCK PULSE METER

:
|

)

MEPA 10 A

S/N AI13-830
DAMAGED GEARS (2~ se7)

T8 KO BLry
FReFE

P MEIENT !

GCEsr BoxX 7w,

SPEED

R™HAP
285 AR

162°F ot 33,
1853°F /3.

‘et eiis o wiawm =

Pty

BP0 Jui) vorielajug

y—
M
I
b=4
. =1
npm =1
0 .0“
T -
2 m_
: = '
i o“
o
A m“
- S
- .0.
i 2
b o!
N\ m &
i !
w "
E © |4
. c |l
.2 HE
o (1=
w IinT
e
a L
Qr
5 BT
- [
:0 =
L od
@ EEls
€ < [ .
B il
£ . 85 '8B B
E-8 ® =2 )
-
o~ o o (= o )
~ o lﬂn..




.
w ]
-
> T T T T S ——T O b
= > . & TR -l o .e w
ARRE aE _ i P ok e
dHan ; gt : 4 |
: ; | el a e el BEEEZ —
1 : .. 11 : o =4
i B r 3 w *
! . = n X
& _” 5
2 .

-
]
SR W N PRPSISN SN __—-%.._- -
1000 2000

S/N Bra-,56/

T

” F1-1 . . R, yw |M m :

LS : P '
: N 1 1A le 3
N _ H ST 2 ) 1 .
T M J K . il lzm = mrh- -;“x..l..m....... ”.”__”;” S $ _
Py " fuzoa ma o | 8
5 Oo/ ﬁ ”/ E -4 .xwmlllll..il!“...-,...m.!... 2 w = o

! | P B ¥ o I

IRy ) i T 2
\ A : : vt
N g f : :
il
M Wy

SPE£ED

ArS/enT
CERR Box 7Z470: 108°% af 425 4P

L Y

Rate
Antal stotar per sekund

oo JA

- —— — -
o
=)

pairw SPUos dwn vonrilojug ;

SHOCK PULSE MCTER
MEPA 10 A

$40




MEPA 10 A

Se/
IY3°F ot /0,4 Ao
/128 °F & 2.4 4/

SIS®0 PAy
Pt

(4
-

(4

4
Ld
.

S/ B13-
BASELINE Da74

SPEED
Arss/ear
GER® Box 7Ewm0

WiV EIY S wev-

EnvceosulE /6

g
: T ..~ .w.. ' = B K3 % - bidd dnpad
e S e G e A tnh e e kel e
A - o e s st [P
, H R DA T i
! 4 1522 SR LERRE > :
=) e - 3 o _ . o
— - & - eend
agle — .. = 59 7 o I -ﬁl .‘J. R ces ; m
; I e “. ; !
. .- |
RS e e e EE R B = 37721 fape =3 ..rlsw- : ey W
- e eSS S -
: = e o £ £ 0 8 i CE i
lI[ ; -_ L B H H
i RO SRR N G B 2R LY AT S
i Sife i fL o S R A I
A.g. .u.“.,.m._ 1 el : T EEE] -
8! s it = £ -_-ZM. i m... o
IFBE FEEL 3 EEETA R B R CILEE 2 30 P o
- =l o LA e A p o ~
R T A
; - W'[hl. $ .” “”1 % - —-— —_ : 3 0
e = 7 oMU == 2
I8 B B ] LERAY ETEIHON [ L W A= T g 5 s e i
i 65 T L Ar. = - T n.r;._. Gt e ma
L. {- - .I»nl.ln_m..! \\ g . ~"~.‘ " . 4
AR 4 L L8
2 i S A2 O B i NAA— = THP. . |
: : : Azl e R
ST I FEER 6 1 .. | RN
4l i : 2 i ifT.-_..l R e
4 8 ol = ol bt o i 1 H A i S el b i 4 2 H B8 o G
FEE A= “+-1 - S e e
0 17} B 2 o o et L U B | 6 o "

Antal stotar per sekund

Rate

%

10000 +—

pmenw

Potentiometer level

- —————— - -

‘$puolds awn uoneisbaug

UL 0NN 1309 wedag powrul “toy 871 1IN IV

133

pro—

e




5000 10000

1000 2000

500

200

aQ
3}
- v . N
: £ 2
. N
- ERL e
£ A L N N
2 L 9 N O _
s M _.m._ 7929 \J T
m .m M /;m .ﬁ. W. @,. ,fM.k o M%
S [Sel53 g EiH brpl e L e L
m E —Q h P /ﬁ Runse -1 == »I.H.l..illr.ll.'
E S ? 0¥ L FEE 2 e e
35 E N o HER EHE I T 5
€ & AM 5 [ RI9E! A i T
S {1

i . mwﬁmm. HEEEE 5
Fm a h i HiE -

) U 2 3
YD g .
53 5 3
"SI P ‘ 21

-

——  Ey AR N N A AN A - - A S . . R | S SEmms s g ome '94

. 4 1




ENCLUSURE 18

INPUT GEAR

74 £45

Teag

7¢ 545

VUTPUT GEAR

SEARCH LABORATORY SXF INDUSTRIES, INC.




o iy

£ m o
s g =2
a 2
w Y g g
b\ %
3 %
/ M ? rf < / ..W
| ﬂ M _m W wx »r 5 m
AN m, p”w 5
m N a
: N} 3
: ﬂ NW o |
SAAET Vo5
NI I B
N Y0 g
§ 8 |
el
| & 5
w
P o
- =es cos R e e e S . v —— G, ceaBe e ® - . > o S— pa— L ﬁ‘ ‘A




naie Hieasuremeant ot shocks per second

Forekomstfrekvens

ETER

57 Hhstl ol

l

$4OCK PULSE M
[ MEPA 10 A

7’567
VEIALLY DRAMIACED &EES

SN Br3-

A7 £

SPEED . 3S5Y0 2y

AMBIENT: 78 .
CEevR Box 7Enp: 108 F F 13 25 P

Ence oscwe &

Rate
Antal stotar per se

A

T

—fet

AT BTN T
B e e e

2 B8R DS =)

llw‘alny,ll...nw‘.

i

b ik

kund

1

o e |

T T

10000

5000

10020

3

500 1000 20

200




g =
3
L
g
e -
2 3 2 3
$) g0 3
A -]
2 q 5 > o
/M ) ,Jd Z l.m
X wop?% W g £
MmN % N X X .
.20 N . T
BO & e m W
m N—H @ Wﬂ L w
2 =~ b\ J = [ B
: SW D/ 8 M bnnun IS B
g X S.ﬂ & B
§ X Aw 5_ 5 [
Q al
& g B}
& Yy € <[]
mA c o (=) o
33 2 g § § B
0 o : :




o
<
o
(5]
o
"
~
v
o
w
2
(5]
(o]
=
(%)
X
[5)
e ¢
$ 3
E 2
o o
|
2%
o
as
mm
)
>
o Q@
3 5
c w
RN
7
[
w <
<= O
w
A
S «
1IJPP
St S
sl X gme
el A

Do CERE

~/S &/
IS0 LA

0

S/ B3
PRT Y F I s DLL Y

S

ENCLOSO2E 22

Rate

Antal stotar per sekund

5000

¥

1060 2000

509

200

e

L& &
.

A

e e

10000

139




ENCLOSURE 23

PICTURE TO BE PROVIDED LATER

INPUT GEAR

'".SEARCH LABORATORY SKF INDUSTRIES. INC,




500 10330

1000 2000

i T e e B

SN 2153 C3 T WS R [t S| Y G

i DT 701 IR (0 e gk i ey O i R e 2

SIS 2 iy B S T LS S oS 5 R e B e o
e 1 1T S O G SRR PR R L 2 0 2 e .8
MTTIER S 44 0 R SRR B WS R | ]

e o T e
i i 31 A |

200

LE£452
AP0 RS

6 °F

JO2 °F

100

Potentiomster level
EwvceosyesE 2¢

NS

s

N

|

m

<R

Y >
: \g e o m,o N .m
; X Q! .
<Y ) 3 m 3 2 o
: Sm % & N E s po e
- [7] 8 T R BT SO
) e N . T e e S
] AH 8 p — s | 4 -
. 5 0 R R

4t B e

= Y g 80 A EE TR
=g & & ot Fogd
Z o 9 < R g T 5
8 - g |
2 < : *
5 _—— = - - - g R . 4 . ol
3z s 5 . :

N

i =




NPT TS TT C

£PA 10 A

-
‘e

B13-¢S4/

S/N
DM 25=H  GEH.LS

/S F0 RPr7
&k

SPPEED

VoY el .

723 F

0

CEHE BoxX 7&E
POS /7700 2

Rate

A

. 5 SRS pEae A
roeof ow ol 5 Smabas
. n

it

5000 10000

% e b

P iy S Y -

A i =fe ok
7t r 5

- . |
SERE | { :
BEEE i =

T S DTy B e by (ko

°E £ i e .wlu.lr.n :

" P u ql i v ERRp AR

iop-teant |

1000 2000

500

RERED LR o B R

200

] oy S SR S o
iy e 5 !

EEE
]
i
(e
i
H

100

DY SRay ge—.

—
—

L

T

=
-(

i

D1 fae Ty S ot

e e s i

Antal stotar per sekund

10

id

142

Potentiometer level
EJVCLO.SC/EE =28




.
.
!
|
4

143

LG B 8 7 ﬂI.J.J
i b Joibs B4 . I.Lv'..bwwA_ -

—
10000

5000

~

1000 2000

500

o o i e
B

=] 5 o e B R
5 A R e s

200

e85

/5550 7oA

-/5¢/

Dorncer &

sb

100
Potentiomater level

oz
10 °F

Hate measuremant of SNOCKS per seconu

)
N
. | @
= ; V o |
[-¥}
PO W gl
E 3] Mc AY gl
& \ ﬁ vn s
E 73 § 3
- X Gt .r”
o B T
: § +
40 B \ a—+ —
el oSl [+ -
!\‘".._\. - m ™~
a\u \' e
p .t.. -




O\ PULSE METER

MEPA 10 A

 paee
-

%

P &Pt

D
FOCF

J‘Do. &OF
2

<

.
———

S/N) B3 ~/58/
o i)

-
—
S

DD

S

P LDy

?’os 770N

Rate

Antal stotar per sekund

CErpe Iny

f‘

10000 4.

f

-

| s . J-5=4 i e
et > 4 -
i Vi -0 REE

. i I bacfea. i) 1ok o = vl

o ke | o e e 5 bl e e

S EAEIIE =S5 EE HEEHEREE

ceinft *uw.lwl,’.rll!.llv.lsl J.l.. b S-S S
b R o e e | ‘5 53
oo

e - >
S S T e e T e e e EHE . = . pEnEn g gy 4
- : : : l.-'n‘.\. 2 vll P lm’ G — |.l.ll0 .- — 'l lln.l"« —— - —
= o os-b B ——e ‘tnf‘lel WAl 8 |no"|,||0..h|0|.‘ul» — : sl NN
g [ Pl ] - < Wb eol - i S : M
AR5 EERE P e e = =3
it j i G 11 1] 1 ! W
12 | i 3B i ¥ |81 §.1 f | 1
* 1] : NI 3 1 ¥
=3 | ' N B ; gt = -1
-] > ‘ 2 | 3 K ¥ - &
: oy Py = | " =1 - 1
o i e i { | =iad b } ; it | §-o-
i = Ui o —§Fl £ Pl g 45 o= b it 3 k= 3 5 3 90 e =3 =
. e z 8 . : B8 S E R =]
5 S—F = : Z B e
$oet - - wfem=t -1 4 —_— - ] '
81 - i & - | g 1S s -4 {
vr. s -0 L. ~ . M. s - m
(BRI AR =L S22 g ST S : : — (=]
| T 0 W T B sl o W) B Yo T s B GvEs IO LTLE N I O EBUERER § D SRR E (o Sy M SR (1
B T e e B e e
| Ha% 56 SH0N .n rlrlil B i s e e e e e et )
| 59 g L ©
2 t } el
i =t
501
L -
\3 TFRE
J : Tt o
2 e =
/ L. t ;
am i R oy i

100

Potentiometer level

ENMCLOoSWwRE 27

Ladh

- |




145

: TR T T8
,.w.-..r-ﬂ, i b hs sl e 3 ot
E 2 G B ey RN o | 3 1
oY s Mlt..:..L !» {- vm
O 2 e e e i t
Vories 2 bich | |
AA Sl (RN N I ! o
- e by —- + : -3
w Erlici by i m - £ &
T R T
A R ST LA 21 I S O N el R S R T
T T e e e 2
R T e R 7......“ R [ : e
. ' ‘ i ¢ o
L EOCI Y 1 T 1 0 D O A £ 6 A O 00 |
Bt -.--L-WJL et ,lmxi. s T:.:m,l -nl.t..”...... T e =
N 0 ol N o N SRR WSRO 5 N WL O S
! STE RN % i ;
i ' .4v.., 1] | . . H
i e bl | 3
T a5 ~
L= -ITIYW 5 B ol i
SR i i
{ o
ot =

%

Potentiometer level

K5O 200y

7/ °F
0°F

°

.

14

.
IR !

b SRS IO W Hheted
|

5 B ae s s vl

S/N Br3-r56/

Do rpr DEaeic

Rate measurement of shocks per second
"""’"‘;’""""

Forekomstfrekvens

SAS
PALE /A 7T

EER SOk 7THP:

S/ 770 2

Antal stotar per sekund

(He

0c

o
20)-

Lt
353 bd
= - .
g | ; i |
y Y i H H
4 DS i 0 ASAL | . SOURY WA SREE i (9D B IR .
) ] __M— T ] _.ﬁ T : i o
* ..".* oy sl b { ik ey e 10000 : ; o ot ! S
“ oLl i LN T
4 i ~t = V T ™ T e
w v

Al ‘
)

MEPA 10 A

¢ e} CK PULSE METER




1

— e

146,

: 1 AR

T T )

5062 10000

y Riau

- —_L.-1s—| .

- ....—-‘r.- .; N
:h k
|
1

1000 2000

e CRSTIREE [  EEES, 2 B Basey]

b o A e e o e e e e e 5 W & Sl e e Wt o W 8 ek e et .
=T e et is U R R :
e T et e B e B s o e et ,
- v'“lpluwnll|rl.ll:?tlll. I sl e FlenadP: (SRt PR 3 (= e ...1JII~!.|.t,|i||l.4..ti..lf'-l s i R il i
-t \ T by it R RO I 957 IR T 3 W W . 1§ A
: H

& | i ——

500

- =t
i
45~

A

7HE.

7/°F
e

=
74208 PM

S8 =-S5 6/
ey

DS ipitsi=0
D

*
-
o
o

2.
AR/ A7

T

A

=T

S/

=
-

Rate measurement of shocks per second

Forekaomstfrekvens

=
)

v
-

-
;. PULSE METER

Q = !
c “
a :
N R -
s it = 4-
m. § 4.3 M ......l: I..mrl.m.luwllr‘ - : o
S H SR L i rhe e
Al B UERE IBRHER
g b I o e s IM_‘DM ATk P
w. R R R R g dH RE S B ad
< J e SRS IS IN S i B ¢
LN : o
2 | g § 8 § B2 -w 0.b B St
. o — L]
A —
o

L 3
-
—
!
|
|
|
|
|
!
-
»
:
|
|
?
A
|
r
Y
-
A
?
RY
1

N
2
)




R o

[

ENCLUSURE 30

PICTURE TO BE PRUVIDED LATER

PTESEARCH LABORATORY SXF INDUSTRIES,

INC.

147 i ‘




™
v

i

3
_u%“. T T8 o
qeas o Bt o oot
o i l,...‘..vnﬁl»o*‘.o.lc
7 ] - e rm
: 5 £
> > |
ke =% i o0 ] (e
Tl S I N 5
SHEHE lap] &
BEaEE e W ELi b
AR = 118
s ) w
e -
; o
h :
Ll

200

Ve

DATH

ISR20 Bruy
JO0°F

98°F ot S5 1o
703 °F a¥ sol s pp0

B33 -/2853

.
.

BASE tow e

SPEED
A r78/ENT

S/
GERR Lox 7Erp

I
i S
LiF:

ENCLOSwEE 3/

BAALLE IS 2N L G W D e

Forekomstfrekvans

Antal stotar per sekund

il
stepifs
M ol e B P
ey -
Sy - !
] me‘m RS B o
m CRREE It rTT
o Pt (gt e W I v by
A o] e vel K-,»b-u 4 {4

V,—J
N

Vi
RS

L
< PULSE METER

e e

~...cPA 10 A

f
l

5




|
|
|
J

ol
s S
&
5 2
1 *
N
LR ® .
R 5 o .
A s :
ﬂ.?.m Yh ¢ 2
\ o_faFF u
my I pdt oy
Bt bets Y
N 2 NN
g .E il mr. Y .
:o|32 iy Q@ =
% U U -
£ LR S 3
2 e N 5[
a <k
i s
¥ . 3}
« ) & €
-mA L RAA.
.NUMO o
ne < 3
NmA 2
.‘JP
: B -
.ol.. . !.ﬂ..
vy




€€ JYNSnIONI

L s Bl 5 ¥ 3t A B B . S 4 e

J0ze %ogz | O01sT | <2’y suvas qasviva.| 0€8-E€IV N/S

B e I D g e Sy e s

mwsza
ATTE xmv ommH S'VI TWIDIJAILYY ﬁonﬁ e1g N/S

coemaiammy Cevatiang® o mmem | e shrecmane s -

R Rk I B

ey e b w
: d

Tl.li! ——ae ﬁ.lli.col\luv.}(z«. LIS

B b e L s a it R ULl R 2 .!....AA B el T it

A121 %9S ol xov 02sT S P aaovRyvanNn mmua-mam N/S
5

;

i

‘.

i

™ '
(2]
(5}

i

1

: i

— et vewad \.0-—.1-.?-.—.-..
P
i

.
Pty

D L o e

(125 pUR)
k1] 1678 1612 . oyse gL 'ee} s¥VID.0IDYNYO| GEG-ETIV N/

: e . 5 29V Y0

_ w6t SRR " ovpse SL'€E IVIOTJTLUY 19ST-€18 N/)

1
7

e ol o s o S i o 64 S IS NN S O S s A e SN A NG+ R S L e s Beses i R

B e i Do e ———

i |
1952 1ere VT oL %09 ovee cL ge aI9VHYAND JecZT-Aa8 N/

[T s b 0 P40 4 0t iy e @ Nentpi [ G samm s, B e Ll s e s e mete ua v e =
]

N : %061 _ AP L2 xmoﬁ 0l xvo ovse cL'eE g3IoVRYAND ﬁomﬂ-nﬁo N/

.

m sttt SR L T 0 A PNY APy B IR, I VR AP TNT SEpe o v ”-
| : yeel 1 3€91 ! I¥9 nl AVE 08S€ GL°€E m=<mw agoveyva | 0€0-€1Y N/

N S PR e ¢ W bomia® £ vl NSNS LB O ot §D e i pae vl WGP s S pin A s i s S

car e e e ra s remime e s e s Cag - .-

ﬁl"nCIlll‘l‘lc-l C e e .

B T D e

T G AP Pt cB @ O i ee R R P e T o ot e e ) \v-.l-..-l"i.d‘l. At e Sn e Ty sm s BT P psy S eemt 437 s e - - < ia “de o @ -

| (29s/ut 4u (90s/ut 1) toos/utr ) tndu) tdam)
! . sd2 0no01-00NT $d9 0NNTI~-00¢C ~ edd 00€-06 Rk il avoi NOILIONND | X0 »va
aNve ot } axvea aryg aNvea %o~

4 .
i semcomaloce Cram e e e mEiN. . sricetmSis . i iime teemesse s R

l&llllllllllllll.ﬂ‘mﬂ!

.

’rﬂﬁku




L

N e

N
208 B .,..-
—

ey .

nf

Semote

£ g " l"' (’r‘t‘v—v"r‘r-v—r‘r-v“r TrT l"’f""'— —T—T:r

boe b tam

% ——— s —— ———— . P ——. | . — e —————— i ————, ———
BiRalbas | e e =
[ e 2 — 3 e e e

P S — V————— T

A

mcm—

- e

~ T, o, 2
r ity ol & L ,".

o

LT B

ey (B

. —————
SN B89-15s

« PEEDXTFO Pirt

LOAD = S 2 NP

N Sanaes

b =

ENCLOSULE 3uf

"ESEARCH LABORATORY 85X F

INDU




6.0 REFERENCES

1. E. F. Covill, T. C. Mayer, J. A. George; "Preliminary
Evaluation of the Shock Pulse Technique to the UH-1
- Series Helicopters"; Parks College of Saint Louis
( University, Cahokia, Illinois; Jan. 1974.

f 2. T. C. Mayer, E. F. Covill, J. A. George, J. T. Harrington;
"Field Evaluation of the Shock Pulse Technique to the

; UH-1 Series Helicopter, Final Report"; Parks College of

% Saint Louis University, Cahokia, Illinois; June 1974.

[ 3. J. A. George, T. C. Mayer, E. F. Covill; "Evaluation

i of the Shock Pulse Technique to the UH-1 Series Helicopter"
Paper presented at the 45th. Shock and Vibration Sympo-
sium, Dayton, Ohio; Oct. 1974.

152




